Caffeine is an adenosine receptor antagonist commonly used as a respiratory stimulant to treat neonatal apneas of premature newborn. Neonatal caffeine treatment (NCT) has long-term effects on adenosine receptor expression and distribution; however, the potential effects of NCT on respiratory control development are unknown. To address this issue, rat pups received orally each day from postnatal d 3-12, 15 mg/kg of caffeine (NCT), water (vehicle), or were undisturbed during early life (control). Measurements of resting ventilation, apnea index, and ventilatory response to moderate hypercapnia (FiCO 2 ϭ 0.05) were made using whole-body plethysmography at postnatal d 20 (juvenile) and adulthood. At d 20, resting respiratory variables were not affected by the treatments. Juvenile NCT male rats showed a 22% higher minute ventilation response to hypercapnia than vehicle rats. However, oral gavage alone increased the frequency component of the response by 11%. In adult males, caffeine increased the resting respiratory frequency by 15%. In these animals, the tidal volume response to hypercapnia was increased by 15%, whereas the frequency response was decreased by 20%. In juvenile and adult females, no differences were observed between treatments. In juvenile rats of both sexes, gavage increased the apnea index by at least 200%. These results show that NCT and gavage influence respiratory control during early life and that these effects persist until adulthood. The underlying mechanisms are unclear, but may be related to persistent changes in adenosinergic neurotransmission because neonatal caffeine administration increases A 1 adenosine receptor density in adult rats. (Pediatr Res 59: 519-524, 2006) P eriodic breathing and apnea are common in neonates, especially in preterm infants (1), and caffeine administration is the treatment of choice for apnea of prematurity. The effects of caffeine are mediated by adenosine A 1 and A 2 receptor inactivation to prevent the actions of endogenous adenosine. Although caffeine administration in neonates can last several days, little is known about the potential long-term consequences of this treatment. In rats, NCT, administrated by gavage at dosages comparable to those used therapeutically, has long-term effects on locomotor activity (2) and cognitive capacities (3). These effects have been attributed to persistent changes in adenosinergic neurotransmission because chronic caffeine administration during the neonatal period increases adenosine A 1 receptor density in the CNS of adult rats (4).
P eriodic breathing and apnea are common in neonates, especially in preterm infants (1) , and caffeine administration is the treatment of choice for apnea of prematurity. The effects of caffeine are mediated by adenosine A 1 and A 2 receptor inactivation to prevent the actions of endogenous adenosine. Although caffeine administration in neonates can last several days, little is known about the potential long-term consequences of this treatment. In rats, NCT, administrated by gavage at dosages comparable to those used therapeutically, has long-term effects on locomotor activity (2) and cognitive capacities (3) . These effects have been attributed to persistent changes in adenosinergic neurotransmission because chronic caffeine administration during the neonatal period increases adenosine A 1 receptor density in the CNS of adult rats (4) .
In the context of respiratory regulation, many studies have investigated the possible consequences of maternal caffeine consumption during pregnancy on ventilatory control in rats; however, little attention has been directed to the persistent repercussion of caffeine treatment administrated after birth in newborn rats. Caffeine administration during gestation can modify respiratory control (5), increase the incidence of apnea in the adult animal (6) , or change adenosine receptors expression in several brainstem chemosensitive sites in newborn rats (7) . Nevertheless, these studies did not consider caffeinemediated changes in dam behavior that could stress the litter and thus impair CNS development in pups. These factors must be considered since disrupting mother-pup interactions-a stress that occurs during caffeine administration-affects respiratory control development (8, 9) .
Two main questions arise from this situation. Firstly, does NCT have mid-or long-term consequences on respiratory control development and on apnea occurrence? And, secondly, does exposure to a stress, such as gavage and pup handling, alter respiratory control development? These questions were addressed in an animal model that is relevant to clinical situations. To assess the impact of NCT on respiratory control development, resting ventilation and apnea incidence were measured using whole-body plethysmography in caffeine-treated (NCT group) and nontreated (gavage; vehicle group) female and male rats at different developmental stages: postnatal d 20 (juvenile) and at adulthood. Moderate hypercapnia (FiCO 2 ϭ 0.05) was used to increase arterial CO 2 levels (as it occurs during asphyxia) and to reveal modifications of the hypercapnic chemoreflex. Ventilation was also measured in unhandled (control) animals, to determine whether animal handling and gavage procedure alter respiratory control development.
METHODS
Animal and housing conditions. Experiments were performed on 76 juvenile (postnatal d 20) and 62 adult (3-4 mo old) Sprague-Dawley rats. All animals were born in our animal care facility. Dams and males were obtained from Charles Rivers Canada (St.-Constant, QC, Canada). Rats were supplied with food and water ad libitum and maintained in standard laboratory conditions (21°C, 12:12 h dark-light cycle: lights on at 0800 h and off at 2000 h). Laval University Animal Care Committee approved the experimental procedures used in this study, and the protocols were in accordance with the guidelines detailed by the Canadian Council on Animal Care.
Mating and neonatal caffeine treatment. Virgin females were mated and delivered 10 -16 pups. No litter reduction was made because mortality (10%) related to the gavage procedure reduced the number of pups. At the end of treatment, the mean number was 10 Ϯ 2 pups per litter. The NCT protocol was inspired from that of Guillet (2) . Three days after delivery (P3), the NCT began and caffeine citrate 15 mg/kg (Sabex, Boucherville, QC, Canada) or water (vehicle groups) was administrated daily by gavage to pups on postnatal d 3-12 in a volume of 0.05 mL/10 g body weight. A polyethylene tubing (PE10) was gently inserted into the esophagus up to the stomach, and the appropriate volume was injected slowly over a 30-s period. Mortality was due mainly to the accidental insertion of the catheter into the trachea and injection of the solution into the lung. In preliminary experiments, plasma caffeine concentrations were determined in two litters by immunoassay (EMIT Caffeine Assay, Dade Behring, Deerfield, IL) at d 12, 1 h after the last gavage to assess the effectiveness of the treatment. Caffeine concentrations were also determined at postnatal d 20 to ensure that caffeine was eliminated at the time of measurements. Control groups consisted of two litters that were not disturbed during the first 14 d of life.
Experimental groups. Series I tested the mid-term effects of NCT on the ventilatory activity at rest and during acute exposure to moderate hypercapnia (FiCO 2 ϭ 0.05) at postnatal d 20 (juvenile rats). Series II addressed the long-term effects of NCT at adulthood. Each series involved six groups: control males (juvenile, n ϭ 6; adult, n ϭ 6), vehicle males (juvenile, n ϭ 13; adult, n ϭ 12), NCT males (juvenile, n ϭ 17; adult, n ϭ 13), control females (juvenile, n ϭ 6; adult, n ϭ 6), vehicle females (juvenile, n ϭ 15; adult, n ϭ 13), and NCT females (juvenile, n ϭ 19; adult, n ϭ 12).
Respiratory and metabolic measurements. Measurements of f R , V T , T I , and T E in unrestrained rats were obtained by whole body flow-through plethysmograph (model PLY3223, Buxco Electronics, Sharon, CT) according to our standard method (8, 10) . In juvenile rats, rectal temperature was measured before resting measurements and after hypercapnia using a thermocouple for small rodents. In adults, core body temperature was measured continuously by telemetry. Transponders (E-mitter, Mini Mitter, Bend, Oregon) were surgically implanted 1 wk before measurements. Rats were anesthetized with ketamine/xylazine (i.p. 10/50 mg/kg), the transponder was placed inside the peritoneum and was sutured behind the internal wall of the cavity. Postsurgical care consisted of three subcutaneous injections of antiinflammatory (ketoprofen, 2 mg/kg): immediately after surgery, 24 h, and 48 h postoperatively. Data obtained from adult animals compared well with results obtained in our laboratory in unoperated animals (10), thereby indicating that surgical stress did not affect our results. Barometric pressure, flow rate, chamber temperature, and humidity were also measured to express V T in milliliters per 100 g of body weight (11, 12) . Composition of the gas mixtures flowing in and out of the chamber was analyzed with an oxygen analyzer (model S-3A, Ametek, Pittsburgh, PA) for subsequent calculation of oxygen consumption (V O 2 ) with an open system (13) .
Respiratory measurement protocol. For each measurement session, rats were acclimatized to the plethysmography chamber for 1 h. Resting respiratory and metabolic measurements were made when the animal was quiet but awake and breathing room air using a data acquisition software (IOX, EMKA Technologies, Falls Church, VA). Acceptation/rejection of individual breaths was performed automatically by the software. Experience has showed us that the software's default values for most parameters are adequate to reject signals related to movement artifacts. However, sniffing-related signals were excluded by setting the T I rejection threshold above 120 ms. The validity of this criteria was confirmed for each animal by comparing accepted/rejected breaths while observing the rat's behavior; the rejection threshold was adjusted if necessary. With this approach, the acceptance/rejection rate when the animal became calm and produced a steady signal was typically above 75%. A similar acceptance rate or higher was observed during hypercapnia. After 15 min of normoxic measurements, a hypercapnic gas mixture was delivered to the chamber for 20 min. In each series, animals were exposed to only one respiratory stimulus. All measurements were made between 0900 and 1300 h.
Data and statistical analysis. "Resting" measurements of ventilatory variables were obtained using DataAnalyst software (EMKA Technologies) by averaging 10 min of stable recording, whereas a 6-min average was taken for each variable from the 14th to the 20th min of hypercapnic exposure. The hypercapnic ventilatory response was expressed as a percentage change of the hypercapnic mean relative to mean baseline values. A value of 0% signifies that there was no change due to hypercapnia, whereas a value of 100% indicates a 2-fold increased relative to baseline value.
The apnea index was determined by counting the number of apneas per hour. Based on the criteria of Mendelson and colleagues (14) , an apnea was defined as an absence of flow for at least two normal breathing cycles. Thus, interruption of airflow had to exceed 1 s in juveniles and 2 s in adults to qualify as an apnea. Two types of apneic pauses were observed: spontaneous and post-sigh apneas. A spontaneous apnea was characterized by an interruption of flow, whereas a post-sigh apnea was preceded by a breath with an amplitude twice the resting tidal volume.
Data were analyzed using a one-way ANOVA (JMP 5.1, SAS Institute Inc., Cary, NC) for both sexes at each age. Responses were compared using a two-way ANOVA for repeated measures (hypercapnic stimulus ϫ treatment). These analyses were followed by post hoc tests when appropriated. However, three-way ANOVA were used to assess treatment effects across stage groups (hypercapnic stimulus ϫ treatment ϫ age) and sex specificity (hypercapnic stimulus ϫ treatment ϫ sex). Interaction tests were used to show sex-or age-related differences in the treatment effects (15) . Caffeine dosages were compared by a t test. Data were considered statistically different when p Ͻ 0.05. Data are expressed using means Ϯ 1 SD according to the guidelines proposed by the American Physiologic Society (16) .
RESULTS

Plasma caffeine concentrations.
At P12, mean plasmatic caffeine concentration was 13 Ϯ 3 mg/L (n ϭ 7) in the NCT group, whereas caffeine was not detected in vehicle group (Ͻ5 mg/L; n ϭ 8). In the neonatal unit, caffeine levels measured in infants typically range between 8 and 20 mg/L. At P20, 8 d after the last caffeine administration, no caffeine was detected in samples from vehicle and NCT rats (n ϭ 10 for each group).
Series I: resting ventilation in juvenile rats. Baseline ventilatory measurements of vehicle juvenile animals (Table 1) were comparable to those reported previously for Sprague-Dawley rats of this age group [e.g. (17) ]. In vehicle juvenile rats, no differences were found between males and females in all variables and no changes were observed in resting values between NCT and vehicle groups. Furthermore, NCT did not affect body weight in male and female rats.
Series I: hypercapnic ventilatory response in juvenile rats. For both sexes and conditions, hypercapnia elicited significant changes in all ventilatory variables. No differences in hypercapnic ventilatory responses were found between males and females (sex effect: p Ͼ 0.05 for all variables). Comparisons of ventilatory measurements between treatments and sexes are presented in Fig. 1 . In juvenile males, V E response to hypercapnia was 22% greater in NCT than in vehicle (treatment effect: p ϭ 0.047), owing in part to a greater V T response (12%, p ϭ 0.023). Moreover, V E response was 36% greater in NCT than in control (undisturbed animals) (p ϭ 0.020), owing in part to a 14% greater f R response (p ϭ 0.008). Gavage alone increased the frequency response by 11% in vehicle rats relative to controls (p ϭ 0.037). Moreover, the T E response to hypercapnia was higher in vehicle (8%) and NCT animals (8%) than in controls (p ϭ 0.025 and p ϭ 0.018, respectively), indicating that the gavage procedure per se modified the hypercapnic ventilatory response. V O 2 during hypercapnia was unchanged by NCT and gavage procedure in both sexes. In juvenile females, neither NCT nor gavage affected the hypercapnic ventilatory response.
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Series II: resting ventilation in adult rats. Baseline ventilatory measurements obtained in adult controls (Table 2) were comparable to those reported in other studies using the same rat strain [e.g. (8)]. In control animals, no differences were observed between females and males. In NCT animals, however, V T of females was 56% higher than in males (sex effect: p ϭ 0.002), whereas f R was lower by 22% in NCT females (p ϭ 0.0005).
In male rats, NCT reduced T E by 15% (treatment effect: p ϭ 0.011) when compared with vehicle animals, and consequently increased f R by 15% (p ϭ 0.004). However, NCT had no net effect on resting V E . In female rats, no differences were found between vehicle and NCT animals for these variables. In males, comparisons between control and vehicle rats indicated that the gavage procedure tended to reduce f R by 9% (p ϭ 0.08), but increased V O 2 by 20% (p ϭ 0.006; Table 2 ). In females, gavage procedure increased resting T I by 20% (p ϭ 0.017). No influence of sex on treatment effects was observed for f R , V T , and V E (interaction tests for sex ϫ treatment: p ϭ 0.11, p ϭ 0.09, and p ϭ 0.94, respectively).
Series II: hypercapnic ventilatory response in adult rats. Figure 2 shows that, in adult males, NCT increased V T response by 15% (treatment effect: p ϭ 0.002), whereas it decreased breathing frequency response by 20% (p ϭ 0.0006) and T I response by 9% (p ϭ 0.008). Unlike juveniles, however, no differences in the hypercapnic ventilatory response were observed between vehicle and control animals. Only a slight increase in f R response was observed in male rats (13%, p ϭ 0.055). Gavage did not affect the hypercapnic ventilatory response of other variables at adulthood. Finally, NCT had no effect on the ventilatory responses of adult females. By testing the interaction between sex, treatment, and hypercapnia, NCT decreased the f R response by 23 Ϯ 8% in adult males, whereas a small but not significant increase was observed in females (difference between male and female ϭ 30.36%; interaction test: p ϭ 0.025). For V T and V E , no sex specificity was observed.
Comparing responses between juvenile and adult vehicle males revealed a 13% increase in the V E response during development (age effect: p ϭ 0.046), owing mainly to a 21% increase in the f R response (p Ͻ 0.0001) inasmuch as the V T response decreased by 12% (p ϭ 0.002). In NCT male rats, no change was observed in these variables during maturation. However, age did not affect treatment influences for f R , V T , and V E for both sexes.
Apnea index at rest. Spontaneous apneas were observed in all groups of rats except in control adults (Fig. 3B) . In vehicle and NCT rats of both sexes, the apnea index decreased strongly during maturation (age effect: p Ͻ 0.05 in all groups). In juvenile males, both treatments (vehicle and NCT) increased apnea index in comparison with controls (treatment effect: p ϭ 0.047 and p ϭ 0.013, respectively). In juvenile females, NCT tended to increase the apnea index; however, only the index measured in vehicle rats was statistically higher than that of controls (p ϭ 0.025). These results show that gavage increased the occurrence of apneas in juvenile, whereas it had no effect on spontaneous apnea in adults.
Conversely, quantification of post-sigh apneas showed that, in males, neither age nor gavage affect the apnea index (Fig. 4B) . In females, however, the apnea index of adult vehicle rats was 54% less than that of juvenile rats (age effect: p ϭ 0.0003). Moreover, comparing vehicle to NCT in juvenile females showed that caffeine diminished the post-sigh apnea index by 38% (treatment effect: p ϭ 0.010).
DISCUSSION
Neonatal caffeine administration is commonly used to treat respiratory disorders in newborn, especially in preterm infants. The use of pharmacological agents during a critical period of development is always a matter of concern given Values are expressed as means Ϯ SD. Resting values were obtained in quiet but awake rats Ն1 h after the animal acclimated to the plethysmographic chamber. STPD, standard temperature pressure, dry (0°C, 760 mm Hg); BTPS, body temperature and pressure, saturated with water vapor. 
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CAFFEINE AND CONTROL OF BREATHING their potential impact on CNS maturation and subsequent functions. Several studies have addressed the effects of perinatal caffeine administration on CNS performance under various conditions. However, to the best of our knowledge, this study is the first to use an animal model to address the potential consequence of caffeine on CNS development in a context that (besides the accidental 10% mortality rate due to gavage) mimics the clinical situation relatively well, i.e. neonatal administration with a focus on respiratory control development. Our results suggest that NCT exerts specific effects on respiratory control in male juvenile rats that change and subside partially with maturation. Furthermore, our data show that pup manipulation and gavage alone may contribute to these effects on respiratory control, thus emphasizing the importance of performing proper sham and control experiments especially when interventions are performed during early life. Although mainly descriptive in nature, this study nonetheless raises important question concerning the impact of disruptions of mother-pup interactions and caffeine administration on respiratory control, especially in juvenile animals.
NCT-related changes in juvenile rats. In male rats, NCT increases the magnitude of the V E response to hypercapnia by 22% without modifying resting ventilation. Because V O 2 is not altered by caffeine, it is unlikely that these changes are related to metabolism, and suggest that NCT increases CO 2 chemosensitivity. The mechanisms responsible for this increase in chemosensitivity are unknown and our data do not allow us to determine where these effects occur (CNS versus carotid body). It is known, however, that in utero caffeine exposure increases adenosine A 1 receptor expression in the brainstem of neonatal rats (7) , and that NCT increases adenosine A 1 receptor expression in 28-d-old rats (19) . It has been proposed that when caffeine occupies the adenosine receptor's binding site, the number of receptors increases to maintain the efficiency of adenosinergic systems (20) . The fact that adenosine receptor activation by the nonspecific agonist phenyl isopropyl adenosine enhances the hypercapnic ventilatory response of rats (21) is consistent with the hypothesis that NCT-related increase in adenosine receptor expression contributes (at least in part) to enhancement of the hypercapnic ventilatory response in male rat pups. In juvenile males: n ϭ 6 in control, n ϭ 13 in vehicle, and n ϭ 17 in NCT. In juvenile females: n ϭ 6 in control, n ϭ 15 in vehicle, and n ϭ 19 in NCT. In adult males, n ϭ 6 in control, n ϭ 12 in vehicle, and n ϭ 13 in NCT. In adult females, n ϭ 6 in control, n ϭ 13 in vehicle, and n ϭ 12 in NCT.
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NCT-related changes in adult rats. The increase in f R observed in NCT versus vehicle rats was surprising but consistent with studies showing that caffeine administration has long-term consequences on behavior (2,3) owing to changes in adenosine receptor distribution and affinity (4, 22) . Accordingly, long-term caffeine treatment results in dose-dependent increases in adenosine A 1 receptor agonist binding sites in the CNS of adult rats (20, 23) . However, because of the structurespecific effects of caffeine on adenosine receptors (24) , only specific brainstem structures may be changed by caffeine administration.
The pattern of the hypercapnic ventilatory response is also modified by NCT in adult males. Several studies have examined the consequences of caffeine exposure on respiratory activity of neonatal rats (5,7), and results suggest that CO 2 chemosensitivity is altered at the CNS level. If the same alterations persist throughout life, they may enhance central CO 2 sensitivity similarly in adults. However, an increase in carotid body afferent input should not be excluded inasmuch as adenosine modulates CO 2 chemosensitivity in these organs (25) .
Consequences of stress related to the gavage procedure. Despite its short duration (ϳ30 s), the gavage procedure is a form of stress that is repeatedly imposed upon the animal during a critical period of development. In addition to the physical stress and pain caused by the gavage, this procedure disrupts mother-pup interactions also as pups had to be handled (10 -15 min per day) and immobilized to administrate the treatment. This causes a brief interlude in the routine of mother-pup interactions, and alters the behavior of the mother toward its offspring (26) , which results in a decreased responsiveness to stress in adult offspring. In contrast, prolonged maternal separation (3 h/d; P3 to P12) results in sex-specific (male only) increase in the hypoxic ventilatory response (8, 9) , whereas it decreased hypercapnic ventilatory response (R. Kinkead, unpublished data). However, the gavage procedure, which combines both neonatal handling and short maternal separation (Ͻ1 h/d for the entire litter) increases both the hypercapnic ventilatory response and the spontaneous apnea index in juvenile male rats. Taken together, these findings suggest that the effects of the gavage procedure on ventilatory control are opposite to those observed in adult male rats previously subjected to neonatal maternal separation. The effects of neonatal handling alone (i.e. without caffeine administration) on respiratory control development has not been addressed. However, these side effects of gavage subside during the maturation as they are no longer observed in the adult, suggesting that rats can recover (at least partially) from such stress.
Apnea index changes. Spontaneous and post-sigh apneas are thought to originate from two distinct mechanisms: spontaneous apneas are related to a sudden cessation of the respiratory command at the CNS level, whereas post-sigh apneas are thought to be related to pulmonary stretch reflexes occurring after the sigh (14) . In the present study, gavage increased the spontaneous apnea index in juvenile males and females but not in adults. In humans, central apneas can be provoked by several factors, including a decrease in PaCO 2 below apneic threshold (27) . In newborns, the eupneic threshold is very close to CO 2 apneic threshold (28) and thus, minor changes in V E are more likely to provoke apneas. The fact that apneas were no longer observed in adults indicates that maturational changes occur until adulthood. However, this effect was not observed for post-sigh apnea for which the index remained stable during development.
Sex specificity. In our results, NCT modified the hypercapnic ventilatory responses of juvenile and adult males. However, a sex-specific effect was observed in adult animals only, where NCT increased the f R response to hypercapnia of males, but not of females. Other developmental studies suggest that consequences of neonatal maternal separation (8) or caffeine treatment (3) on development are sex specific (male only). In juvenile rats, only males were affected by treatments whereas in adults, the f R response to hypercapnia of males and females was affected by NCT in an opposite manner. While sexspecific effects are often observed in developmental studies, the underlying neuroendocrine mechanisms are not fully understood but may be related to the effects of sex steroids such as testosterone and estrogens. Furthermore, in adult females, steroid hormones may have a protective effect against stress and treatment, since NCT does not alter the hypercapnic ventilatory response.
Perspectives. In summary, our results suggest that NCT exerts specific effects on respiratory control in juvenile male rats that seem to change but persist with maturation. Our data show that pup manipulation and gavage contribute to alter White (control), gray (vehicle), and black (NCT) bars shows means Ϯ SD. *p Ͻ 0.05 vs vehicle. §p Ͻ 0.05 vs juveniles. In juvenile males: n ϭ 6 in control, n ϭ 13 in vehicle, and n ϭ 17 in NCT. In juvenile females: n ϭ 6 in control, n ϭ 15 in vehicle, and n ϭ 19 in NCT. In adult males, n ϭ 6 in control, n ϭ 12 in vehicle, and n ϭ 13 in NCT. In adult females, n ϭ 6 in control, n ϭ 13 in vehicle, and n ϭ 12 in NCT.
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CAFFEINE AND CONTROL OF BREATHING respiratory control development, thus emphasizing the importance of completing proper sham and control experiments especially when interventions are performed during early life. While it is difficult to accurately translate developmental sequences across species, data suggest that at birth the CNS of a rat is immature and may compare with that of a premature baby (29) . With that in mind, the demonstration that NCT increases the hypercapnic ventilatory response and the apnea index is intriguing since in humans, enhanced sensitivity to CO 2 may predispose some patients with heart failure to the development of central sleep apnea (30) . Such enhanced responsiveness to hypercapnic stress might be taken seriously in young infant, especially during sleep, for which an increased sensitivity to hypercapnia could predispose to respiratory disorders.
